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1 .0 INTRODUCTION 
Predicting the braking performance of  a commercial vehicle 
in an emergency stop i s  a very d i f f icu l t  task, requiring detailed 
information on the vehicle 's  brakes, antilock system ( i f  i t  has one), 
load distribution, suspension characteristics,  and t i r e  properties. 
To aid in predicting and understanding the factors contributing t o  
stopping capabi 1 i ty ,  large-scale, computer-based mathematical models 
have been developed for  simulating emergency braking of commercial 
vehicles [ I ] .  These large-scale models contain representations of 
vehicle components (such as the brakes) in separate sections of 
computer code. The empirical model presented herein i s  intended t o  
be used as part of a large-scale simulation for studying the 
infl  uence of measured brake properties on vehicle response during 
a single stop. 
Nonetheless, another important use of an empirical model of 
brake torque capabi 1 i t y  i s  simply t o  provide a comprehensive summary 
of the results of numerous dynamometer tes t s .  The form of an 
example torque versus time curve obtained from a single dynamometer 
t e s t  a t  a fixed brake 1 ine pressure i s  i 11 us trated in Figure 1 . 1  . 
In the past, data from a series of t es t s  of the type i l lustrated in 
Figure 1 . 1  have been summarized in graphs of average torque versus 
in i t i a l  speed and brake l ine pressure as shown in Figure 1 . 2 .  How- 
ever, much of the detail of the variation of torque during a stop 
i s  lost  in working with average torque. I n  particular,  i f  the 
conditions for wheel lockup during a stop are t o  be evaluated, the 
type of data i l lustrated in Figure 1.2 i s  inadequate. Accordingly, 
values of "peak in i t i a l  torque," "minimum torque," and "final tor- 
que" are sometimes read from curves of the type shown in Figure 1 . I .  
In this  regard, the empirical model described here i s  intended t o  
contain enough information about the brake t o  essentially reproduce 
the original torque versus time characteristics.  
Figure 1 . 1 .  Example torque time history from a dynamometer t e s t .  
.- . - . -  
L I N E  ? R E S S O R ~ =  
Figure 1 . 2 .  Typical summary of average torque versus ini t ial  speed 
and  1 ine pressure. 
This model was developed following work by H . E .  Cook, e t  a l .  
[2]  on passenger car brakes. The independent variables used t o  
predict torque for a breke with a specified prior work history are 
sliding speed, actuation force (or  torque), and interface tempera- 
ture. The relationship between torque and the independent variables 
i s  developed empirical ly from dynamomgter t e s t  resul t s .  
I n  addition t o  predicting stopping distance, other potential 
applications of the model pertain t o  predicting (1)  brake torque 
distribution among a vehicle's axles so as t o  optimize brake system 
design, ( 2 )  wear balance, and (3)  mountain descent performance. 
This report contains a technical description of the brake 
model, including discussions of the form of the model, the required 
t e s t  data, and the calculation and regression techniques used t o  
f i t  the data. Inertial  dynamometer data from six pneumatically- 
actuated brakes are presented and then employed in analyses i 1 lustrat-  
ing the application of this  modeling technique t o  brakes of b o t h  
wedge and S-cam design w i t h  various types of linings. Example 
results are presented indicating ( 1  ) the variation in the "effec- 
tiveness function" ( i  . e . ,  torque o u t p u t  divided by actuation force) 
as a function of s l  iding speed, interface temperature, actuation 
force, and work history and ( 2 )  the goodness of f i t  between the 
empirical model and the original t e s t  data. The body of the report 
concludes with a brief discussion of the application of this  brake 
model within a large-scal e vehicle simulation. Concluding remarks 
summarizing the properties of th is  brake model and recommending 
specific research on the influence of work history appear in a final 
section. 
I t  i s  worth noting that the modeling techniques described 
herein are quite general and they have been employed in another 
study addressing the torque capabi 1 i ty of hydraul ical ly-actuated 
brakes for heavy trucks [3]. 
2.0 THE BRAKE MODEL 
2 . 1  The Concept of Brake Effectiveness 
I t  i s  well known that the frictional characteristics of f r i c -  
tion materials are influenced by the temperature, 8 ,  existing a t  
the sliding surface, the sliding speed, V ,  and the pressure, P ,  
acting between the two elements of the fr ic t ion pair; i . e . ,  
p = p(e,  V, P ) .  Thus, i t  i s  evident that the torque o u t p u t  of a 
brake will be dependent on  these three factors. However, in the case 
of a drum brake the dependence will n o t  be 1 inear because of the 
rather complex geometry relating the coefficient of f r ic t ion of the 
lining t o  the frictional force produced. A n  example of the sensi- 
t i v i ty ,  s ,  of brake torque, T, t o  the coefficient of f r ic t ion ,  p, of 
the linings for various kinds of drum brakes i s  shown in Figure 2 . 1 .  
. . --.I 
Figure 2 . 1 .  Variation of s  w i t h  P for different brakes. A: 
duo-servo; B:  two leading shoe (pivoted) ; C :  
leading-trail ing (pivoted) from Reference [4] .  
One can create a relationship between the coefficients of 
f r ic t ion of the 1 ining and the torque o u t p u t  of the brake per unit 
force input which i s  a function of the coefficient of f r ic t ion and 
brake geometry. Because p varies w i t h  a ,  V, and P, the above rela- 
tionship will also vary with e,  V ,  and P .  Thus, the torque o u t p u t  
o f  a drum brake can be expressed as follows: 
where T denotes torque o u t p u t ,  F denotes the force actuating the 
shoes, and e denotes torque o u t p u t  per unit force input, which will 
be called effectiveness for the remainder of th is  report. Effec- 
tiveness, i s  the parameter which links lining fr ic t ion t o  brake 
torque, and i t  i s  a function of a ,  V ,  and P ;  i . e . ,  
However, the pressure acting between the 1 ining and drum i s  a 
function of the actuation force, F, so that 
There i s  one other important factor,  ignored u p  t o  th i s  
point, which affects lining f r ic t ion ,  and consequently, effective- 
ness. That factor i s  work history, H .  Work history i s  very 
d i f f i cu l t  t o  quantify, b u t  very easy t o  observe. A n  example of 
the influence of work history i s  the change in the torque o u t p u t  
of a brake a f t e r  a fade and recovery t e s t  compared t o  the torque 
o u t p u t  prior t o  the fade and  recovery. Work history, however, can 
be specified by referring t o  some portion of a t e s t  sequence, e .g . ,  
post-burnish effectivenss, f i r s t  fade, f i r s t  recovery, final 
effectiveness, and so o n .  Therefore, in i t s  final form, effective- 
ness i s  defined as 
This concept of brake effectiveness, then, t reats  a brake 
assembly as a black box with an actuating force being transformed 
into a torque o u t p u t .  The transfer function, e ,  i s  complicated, 
being a function of interface temperature, s l  idi ng speed, actuation 
force (i . e . ,  pressure between drum and l ining) ,  and work history. 
As a "black box" the brake may be diagrammed as shown in Figure 2 . 2 .  
Figure 2 . 2 .  A "black box" representation of the mechanical 
f r ic t ion brake. 
I t  should be noted that while effectiveness i s  related t o  
lining fr ic t ion through the geometry of the brake, there are other 
factors which play a lesser role. One of these factors i s  the 
mechanical efficiency of the actuation mechanism of the brake. 
Another i s  compliance of the brake drum and shoes which compliance 
causes changes in the pressure distribution (across the width of 
the l ining) thus affecting the torque o u t p u t  of the brake. These 
factors are assumed t o  be of second-order importance. They are 
also d i f f i cu l t  t o  quantify, and, therefore, are not explicit ly in- 
cluded in the model as variables i nfl uenci ng effectiveness. 
Measuring Effectiveness from Dynamometer Tests 
Although the effectiveness function for a particular brake 
assembly can, in theory, be calculated from known frictional pro- 
perties of the lining and the geometry of the brake, i t  i s  straight- 
forward to  measure values of effectiveness from full-scale dyna- 
mometer t e s t s .  Measuring the performance of a brake as an 
assembly has the advantage of including effects on the effective- 
ness function which are inherent in the assembly. Such effects 
could be systematic or random. For example, the mechanical efficiency 
of the actuating mechanism would have a systematic effect  on the 
effectiveness function. On the other hand, changes in the pressure 
distribution across the width of the lining caused by wear, mechanical 
compliance of the shoe and drum, or thermal distortions of the lining 
and drum could have b o t h  systematic and random effects on the 
effectiveness function. Thus, i t  should be expected that measuring 
the effectiveness in fu l l - sca le  t e s t s  will y ie ld  a more accurate 
representation of brake performance than can be achieved by cal-  
culating effectiveness from f r i c t iona l  properties of l inings as 
measured in t e s t s  of l in ing samples, 
Developing the effectiveness function from dynamometer t e s t s  
requires detai led time h i s to r ies  of the variables involved, because 
in terface  temperature and s l  idi ng speed are continuously changing 
throughout a brake applicat ion.  Additionally, actuation force varies 
during a constant actuation stop or snub, and brake torque varies 
during a constant actuation force stop o r  snub. During a single 
brake applicat ion,  effectiveness can be calculated as a function of 
time with each point in time corresponding t o  a d i f fe ren t  tempera- 
tu re ,  s l id ing speed, and [possibly) actuation force.  Thus, by per- 
forming many brake applications over a range of temperatures, 
s l id ing speeds, and actuation forces,  i t  becomes possible t o  map 
the effectiveness function. 
Not only must effectiveness be evaluated a t  many points during 
a brake applicat ion,  b u t  the corresponding values of s l id ing speed, 
actuation force,  and in terface  temperature must be known. Whereas 
s l id ing speed can eas i ly  be computed from instantaneous values of 
the rotat ional  speed of the brake, the remaining two variables re- 
quire special a t t en t ion ,  For example, in the case of the wedge 
brake, the force applying the shoes can be computed from known out- 
p u t  force character is t ics  of the a i r  chambers and the wedge angle. 
On the other hand, the force applying the shoes in a cam brake i s  
not eas i ly  computed. However, i t  i s  not necessary to  know tha t  force. 
Because the effectiveness model t r e a t s  the brake as a black box, 
the actuating force fo r  a cam brake can be considered to  be the tor-  
que actuating the cam. Cam torque can be computed from known a i r  
chamber output force charac te r i s t i c s  and the length of the slack 
adjus ter .  (Note, then, t ha t  effectiveness f o r  a cam brake i s  
computed as e = TIT where T denotes cam torque,)  
The temperature tha t  ex i s t s  a t  the interface between the 
l ining and drum i s  extremely d i f f i c u l t  t o  measure, HSRIts experience 
with measuring temperatures in brake drums a1 so indicates that the 
temperature can vary greatly from stop t o  stop even when stops 
are made from seemingly identical i n i t i a l  conditions. Additionally, 
temperatures can vary markedly across the width of the lining. 
For these reasons, a calculated interface temperature i s  used in 
the determination of the effectiveness function. Nevertheless, 
measured temperatures of the drum a t  the beginning of a brake appli- 
cation are used as a s tar t ing point for  calculating the interface 
temperature. Once a brake application has begun, the interface 
temperature i s  calculated using measured values of the instan- 
taneous rate  of heat generated a t  the drumllining interface. The 
rate a t  which heat i s  generated i s  merely equal t o  the product of 
brake toroue and rotational speed. Also, as a simplification, the 
calculated temperature i s  the average across the ent i re  width of the 
lining. 
A flow diagram of the procedure used to calculate instantaneous 
values of effectiveness during a brake application i s  shown in 
Figure 2.3.  
2 .3  Representing the Effectiveness Function 
Two methods are avai lable for representing the effectiveness 
function once a se t  of data has been generated from dynamometer 
tes t s .  The f i r s t  i s  tabular representation. This method has the 
advantage of being easily interpreted i f  a suitable table can be 
developed. The bounds on the domain of the function are also easily 
determined by the endpoints for each l ine of the table. However, a 
table takes much room t o  store and, more importantly in this  case, 
can be d i f f i cu l t  to construct. Past experience in trying t o  construct 
s i  ngl e-val ued tables of effectiveness from results of dynamometer 
tes t s  has proven t o  be frustrat ing.  Variability in brake t e s t  data, 
inadequate temperature information, and lack of data repeatabi 1 i ty 
due t o  work-history effects have confounded the situation t o  the 
extent that the construction of meaningful tables i s  extremely 
d i f f i cu l t .  
Figure 2.3.  Flow diagram for calculating values of 
effectiveness from dynamometer data 
(8, denotes in i t i a l  brake temperature). 
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The second method, and the one chosen for this  study, i s  
t o  employ a curve-fitting process t o  derive a mathematical equation 
describing the data. 
Since the end use of a brake model i s  t o  simulate vehicle 
braking behavior on a computer, a mathematical description of the 
effectiveness function i s  very at t ract ive,  because i t  i s  better 
suited for implementation on a computer than a table. Whereas a 
table requires considerable storage space, an equation only requires 
storage of some coefficients. The computer can also perform a cal- 
culation more quickly than i t  can a table lookup .  Curve f i t t i ng  
the data also smooths the scat ter  in the data, although sufficient 
care must be exercised t o  ensure that the data i s  n o t  smoothed 
t o  the point of eliminating genuine variations. 
Curve f i t t i n g  can also provide two valuable numerics. The 
f i r s t  of these i s  the coefficient of determination, r 2 ,  which 
represents the fraction of the behavior of the data which the curve 
f i t  has described. For example, i f  a curve-fitting operation pro- 
duces an r2  value of 0,9,  then the resulting f i t t ed  equation explains 
90% of the variation of the data. The remaining 10% of unexplained 
behavior i s  composed of random errors and errors resulting from 
systematic trends in the data which the curve f i t  has ignored. 
The second numeric i s  the standard error.  This quantity i s  a 
measure of the scat ter  of the differences between predicted and 
observed data points. Ideally, i t  i s  a measure of experimental 
error. Thus, the standard error can be used to estimate the range 
of torques a brake might produce under identical conditions of inter- 
face temperature, sl  idi ng speed, and actuation force. 
A disadvantage of the curve-fi t t inq method i s  the diff icul ty  
of determining the bounds on the domain of the derived effectiveness 
function. However, th i s  determination can be done, and i t  i s  very 
important t o  do  so as extrapolating a curve-fitted equation can be 
dangerous indeed. 
No attempt i s  made t o  represent work history in numerical 
terms. Rather, for each work history ( i  . e . ,  post-burnish effective- 
ness, f i r s t  fade, e t c . )  a separate curve-fitting operation i s  per- 
formed. For example, a dynamometer t e s t  might consist of several 
different phases which might be grouped into,  say, five work histories.  
Then., f ive sets of effectiveness data would be produced and a separate 
curve-fitting operation performed for each data se t .  The resul t  
would be f ive curve-fi tted equations , each representing the perfor- 
mance of the brake during each of five work histories.  
3.0 TEST PROGRAM 
3.1 Inertia Dynamometer Tests 
Six t e s t s  of ai r-actuated fr ic t ion brakes were conducted on 
an iner t i  a1 dynamometer a t  Greening Testing Laboratories, Detroit, 
Michigan. Three t e s t s  were conducted on a Rockwell 15  x 6 RDA 
wedge brake, each t e s t  with a different type of lining. The remain- 
ing three t e s t s  were performed using a Rockwell 16  112 x 7 S-cam P 
brake, also w i t h  three different types of lining materials. All of 
the t e s t s  were conducted a t  a nominal wheel loading of 9000 1 bs and 
a t i r e  radius of 20 .2  inches. The iner t ia l  load used in these tes t s  
was 793 s lug-f t2.  
The original-equipment linings used in b o t h  the wedge and cam 
brakes were A E B  693-551D and MM8C5. These lining materials were 
selected because of their  widespread use in FMVSS 121  a i r  brake 
systems. Other 1 inings tested were the Euclid E84 ( in  the wedge 
brake) and Euclid E80 ( in  the cam brake). These l a t t e r  linings are 
aftermarket l inings,  and although they are s l ight ly different formu- 
lations,  they are recommended for equivalent appl ications. 
The wedge brake was actuated by two Type 16 a i r  chambers and 
used a 10" wedge angle. A Type 30 a i r  chamber and a 6-inch slack 
adjuster length was used on the cam brake. 
The brakes and linings tested are summarized in Table 
3.1. 
All six tes t s  followed the same procedure, which was similar 
t o  an FMVSS 121 dynamometer t e s t .  The t e s t  consisted of three parts: 
burnish, post-burnish effectiveness, and fade and recovery. Effec- 
tiveness data i s  thus acquired for three work his tor ies:  ( 1 )  post- 
burnish effectiveness, ( 2 )  fade, and ( 3 )  recovery. 
The effectiveness t e s t  differs  somewhat from the 121 procedure 
in that i t  i s  designed to cover a broad range of temperatures and 
sliding speeds so that a suff ic ient  amount of data could be generated t o  
Table 3.1. Brakes and Linings Tested. 
Brake Assembly Li ni ngs 
Rockwell 15 x 6 "RDA" 
Wedge 
G u n i  t e  2046A Drum 
Type 16 Air Chambers 
10" Wedge Angle 
A B B  693-551D 
MM8C5 
Rockwell 16 1/2 x 7 " P "  
S- Cam 
G u n i  t e  31 66 Drum 
Type 30 Air Chamber 
6" Slack Adjuster 
ABB 693-551D 
MM8C5 
Wheel Load - 9000 1 bs 
Tire Radius - 20.2 in 
Ine r t i a  - 793 s lug-f t2  
determine an effectiveness function. For t h i s  reason, the ef fect ive-  
ness t e s t  consisted of f ive  stops made from 30 mph a t  i n i t i a l  brake 
temperatures (IBT's)  of 150, 200, 250, 300, and 350°F, followed by 
f i ve  stops from 50 rnph a t  the same i n i t i a l  brake temperatures. 
These stops were run i n  a  constant pressure mode a t  a  pressure which 
was determined to  y ie ld  an average deceleration of 12 fpsps fo r  
stops from 30 and 50 rnph a t  an i n i t i a l  brake temperature of 150°F. 
Therefore, data was only generated fo r  two levels  of actuation force.  
A1 though i t  would have been desirable to  t e s t  over several levels  
of actuation force ,  insuf f i c ien t  dynamometer time was available f o r  
t h i s  purpose. 
The fade and recovery t e s t ,  a l so ,  differed somewhat from a 
121 procedure. Instead of constant deceleration appl icat ions as 
specified by 121, constant pressure appl ications were used. Other- 
wise, the procedure was the same: ten fade snubs s tar t ing a t  175"F, 
followed by a h o t  stop, followed by 20 recovery stops. The detai ls  
of the t e s t  procedure are contained in Appendix A. 
The variables recorded during each t e s t  were: ( 1 )  brake tor- 
qure, ( 2 )  wheel speed, (3 )  l ine pressure, ( 4 )  a i r  chamber stroke, 
and ( 5 )  drum temperature a t  four locations. These variables were 
recorded on an osci 1 lograph for  each brake appl ication. 
Three thermocouples were instal  1 ed in each drum with the i r  
measuring junctions positioned approximately 0.040" be1 ow the 
braking surface. One thermocouple was placed in the center of the 
rubbing path while the other two were placed one inch in from ei ther  
edge of the lining. These thermocouples were used in an attempt to 
measure the temperature a t  the drum/l ining interface. I t  i s  necessary 
t o  place a thermocouple in the drum rather than the 1 ining to meet 
this  objective because approximately 95% of the heat generated dur- 
ing braking flows into the drum with typical organic linings and 
cast  iron drums [4]. The standard SAE 1 ining thermocouple i s  a poor 
indicator of interface temperature. Placing three thermocouples 
across the w i d t h  of the lining also allowed observations of tempera- 
ture variations across the 1 ining. The thermocouples worked very 
well throughout a l l  of the t e s t s .  
The construction of these drum thermocouples i s  shown in 
Figure 3.1. Originally designed a t  the University of I l l ino is  for 
passenger car brake drums [3], they were adapted a t  HSRI for  use in 
commercial vehicle brake drums. They are of a 1/4" diameter plug- 
type construction which i s  pressed into a through-hole dr i l led in 
the drum, and afterwards ground flush with the braking surface. 
The fourth drum temperature was measured by a thermocouple 
welded to the periphery of the drum opposite the center of the 
rubbing surface. 
Figure 3.1 . Schematic of p l u g -  type thermocouple 
cons t ruc t ion .  
3.2 Process ing  o f  t h e  Raw Data 
To d e r i v e  t h e  e f f e c t i v e n e s s  f u n c t i o n  f rom t h e  t i m e  h i s t o r i e s  
reco rded  d u r i n g  t e s t ,  t h e  o s c i  1  l o g r a p h  r e c o r d i n g s  o b t a i n e d  d u r i n g  
each brake a p p l i c a t i o n  were semi-automat ica l  l y  d i g i t i z e d  on an 
X - Y  t a b l e .  A  c u r s o r  on t h e  t a b l e  i s  moved by hand o v e r  each da ta  
t r a c e  w h i l e  p o i n t s  a long  t h e  t r a c e  a r e  sampled and d i g i t i z e d  i n t o  
X - Y  c o o r d i n a t e s .  The d i g i t i z e d  p o i n t s  a r e  a u t o m a t i c a l l y  w r i t t e n  
i n t o  a  computer f i l e .  For  each brake a p p l i c a t i o n ,  t h e  f i l e  c o n t a i n s  
a  d i g i t i z e d  r e c o r d  o f  each d a t a  t r a c e ,  a l o n g  w i t h  t i m e  s c a l e  i n f o r -  
mat ion,  b e g i n n i n g  and end ing  p o i n t s  f o r  t h e  a p p l i c a t i o n ,  and zeros 
f o r  each t r a c e .  
The i n f o r m a t i o n  i n  each f i l e  i s  subsequent ly  processed by  
computer program TRANSLATE. TRANSLATE reads t h e  i n f o r m a t i o n  s t o r e d  
i n  a  f i l e  and t r a n s l a t e s  i t  i n t o  p h y s i c a l  u n i t s .  The program p r o -  
duces two o u t p u t s .  The f i r s t  i s  a  p r i n t e d  r e c o r d  f o r  each brake 
a p p l i c a t i o n  c o n t a i n i n g  a  r e c o r d  o f  t h e  a p p l i c a t i o n  a t  20 e q u a l l y  
spaced p o i n t s .  A lso,  some summary i n f o r m a t i o n  i s  p r i n t e d  such as 
average t o r q u e  and pressure,  i n i t i a l  and f i n a l  speeds, e t c .  A 
sample page o f  o u t p u t  i s  shown i n  F i g u r e  3.2. The second fo rm o f  
o u t p u t  i s  a  v e r y  d e t a i l e d  r e c o r d  o f  each a p p l i c a t i o n  which i s  
w r i t t e n  on magnet ic  tape.  T h i s  tape  i s  l a t e r  ana lyzed by program 
DYNA-DRUM I11  which c a l c u l a t e s  t h e  va lues o f  e f f e c t i v e n e s s  a t  a  s e r i e s  
o f  p o i n t s  d u r i n g  each a p p l i c a t i o n .  
3.3 Torques Achieved Dur ing  Each Tes t  
The minimum and maximum va lues o f  t o r q u e  ach ieved d u r i n g  t h e  
e f f e c t i v e n e s s  p o r t i o n s  f o r  each t e s t  a r e  shown i n  F igu res  3.3a-c 
and 3.4a-c f o r  each brake and l i n i n g  comb ina t ion  t e s t e d .  The range 
o f  to rques  exper ienced d u r i n g  t h e  fade  and r e c o v e r y  c y c l e  i s  shown 
i n  F igu res  3.5a-c and 3.6a-c, a g a i n  f o r  each brake and l i n i n g  
combinat ion.  
The f i g u r e s  show t h a t  t h e  v a r i a t i o n  o f  t o r q u e  w i t h i n  a  s t o p  i s  
much g r e a t e r  f o r  t h e  wedge brake t h a n  i t  i s  f o r  t h e  cam brake.  T h i s  
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F i g u r e  3 .2 .  Sample o u t p u t  f rom program TRANSLATE. 
Figure 3.3. Minimum and maximum torques achieved during the post- 
burnish effectiveness - 15 x 6 wedge. 
Figure 3.3 (Cont.)  
Figure 3.4. Minimum and maximum torques achieved during the post- 
burnish effectiveness - 16 1/2 x 7 S-cam. 
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behavior indicates t ha t  the wedge brake i s  more sens i t ive  t o  changes 
in the coeff ic ient  of f r i c t i o n  than i s  the cam. This behavior i s  
expected because the wedge brake has two leading shoes, which i s  a 
configuration more sensi t ive  t o  changes in p than the leading- 
t r a i  1 i ng shoe construction of the cam brake. 
The e f fec t s  of temperature on brake torque output are  evident, 
in pa r t i cu la r ,  in the data obtained in the fade and recovery t e s t s  
(Figures 3.5 and 3 .6 ) .  As temperature r i s e s ,  with each successive 
fade snub, torque f a l l s .  The E80 and E84 l in ings  are  especial ly 
graphic in t h i s  regard. And as the brakes cool during the recovery, 
torque begins t o  r i s e  again. In f a c t ,  the brake may actual ly  be- 
come more e f fec t ive  toward the end of the recovery than i t  was pr ior  
t o  the s t a r t  of the fade. This behavior i s  demonstrated by the 
MMSC5 l in ing in b o t h  brakes. The e f f ec t  of work history i s  i l l u s -  
t r a ted  by t h i s  phenomeno~ame ly  , the brake has changed between 
the s t a r t  of the fade cycle and the end of the recovery cycle. 
4 .0  DATA ANALYSIS - DERIVING THE EFFECTIVENESS FUNCTION 
4.1 Calculating Effectiveness for Wedge and Cam Brakes 
A t  each instant during a brake application a value of effec- 
tiveness may be calculated corresponding t o  the instantaneous values 
of interface temperature, sl  idi ng speed, and actuation force 
occurring a t  that time. Recalling that effectiveness i s  defined as 
torque o u t p u t  divided by actuation force, effectiveness for a wedge 
brake can be calculated from Equation ( 4 . 1 ) :  
where FAC denotes the force produced by the two a i r  chambers, 
1 3 2  
Sw denotes the force required t o  overcome the return springs, and 
a denotes t h o  included angle of the wedge. 
For a cam brake, the force applying the shoes i s  replaced by 
the torque actuating the cam. Therefore, effectiveness i s  calcu- 
lated as 
where FAC denotes the force produced by the a i r  chamber, a denotes 
the length of the slack adjuster,  and Sc denotes the torque required 
to overcome the return springs. 
4.2 Determining the Force Produced by the Air Chambers 
Although the force produced by an a i r  chamber i s  highly linear 
with pressure, i t  i s  decidedly nonlinear with stroke. Graphs of 
the behavior of the o u t p u t  force for  a typical a i r  chamber are shown 
in Figures 4.la a n d  b. Because i t  i s  necessary t o  k n o w  the force 
Figure 4.1 
produced by the a i r  chambers for calculating effectiveness, the 
o u t p u t  force characteristics of the a i r  chambers used in the 
dynamometer t e s t s  were evaluated with the aid of a t e s t  f ixture  
previously constructed a t  HSRI. This f ixture uses a load cell  t o  
measure the o u t p u t  force of the a i r  chamber while the 1 ine pressure 
and stroke are varied over the operating range of the a i r  chamber. 
A 1  t h o u g h  the ~erformance of the a i r  chambers tested was 
vir tual ly  independent of stroke in the vicinity of the mid-range of 
stroke, one cannot guarantee that an a i r  chamber will always oper- 
a te  in this  range. I n  f ac t ,  the a i r  chambers were not always 
operating in th is  range during the dynamometer t e s t s .  Therefore, 
for purposes of calculating the o u t p u t  force for the effective- 
ness calculations, the a i r  chambers were characterized over their  
ent i re  operating range. I t  was found that the o u t p u t  force could 
be represented as varying in a l inear manner with pressure and in 
a cubic manner with stroke. Thus, equations of the form 
(where p denotes pressure and x denotes stroke) were determined for  
each a i r  chamber by a least-squares regression. For the Type 16 
chamber, a least-squares regression yielded the fol lowing equation: 
and for the Type 30 a i r  chamber: 
These equations describe the measured behavior of each a i r  chamber 
extremely we1 1 .  
4.3 Return Spring Efforts 
The force or torque which must be exerted to overcome the 
return springs i s  a factor which i s  d i f f i cu l t  to estimate accurately 
because of the diff icul ty  of determining just  when the linings are 
brought into contact with the drum. Furthermore, i t  i s  a factor 
which can vary somewhat because of ( 1 )  changes in thickness of linings 
and ( 2 )  brake adjustment. However, i t  i s  n o t  necessary t o  k n o w  this  
quantity with great precision because i t  i s  n o t  a large factor in 
the net actuation force or torque. 
Return spring effor ts  were estimated from the oscillograph 
charts by observing the l ine pressure and stroke a t  the instant the 
brake torque began t o  r i se .  Then the return spring force or torque 
could be calculated with the aid of Equations (4.1)  or ( 4 . 2 ) .  A 
s l igh t  step in the pressure trace occurs a t  the time the brake tor- 
que begins to r i se ,  and, typically,  about 5 psi were required to  
overcome the return springs. Table 4 .1  l i s t s  the return spring 
effor ts  which were estimated for each of the t e s t s .  
Tab1 e 4.1. Values of Return Spring Forces and Torques. 
Return Spring 
Brake Lining Force or Torque 
15 x 6 wedge ABB 693-551D 90 lb s ( ' )  80 l b ~ ( ~ )  
MM8C5 80 lbs 
E84 60 Ibs 
16 1 / 2  x 7 A B B  693-551D 900 in-1 bs 
S-cam MM8C5 750 in-lbs 
E80 500 in-lbs 
( l  )post-burnish effectiveness 
(elfade and recovery 
4 .4  Ca7culating Sliding Speed 
Sliding speed can easily be calculated a t  any instant during 
a  brake application from the wheel rotational speed and the radius 
of the drum, i . e . ,  v = ~ r .  In these t e s t s ,  the rotational speed 
of the drum was n o t  recorded, per se ,  b u t  the equivalent road speed 
of the wheel was. Therefore, sliding speed, v, can be calculated 
as 
where V denotes road speed in mph, r  denotes drum radius, and R 
denotes t i  re radius. 
4 .5  Calculating InterfaceTemperature 
A finite-element heat-transfer model of the brake drum i s  
used to  calculate the temperature a t  the interface between the drum 
and lining. The model assumes heat flow in radial and axial direc- 
t ions,  b u t  none in a  circumferential direction. Also, a  constant 
heat flux i n p u t  across the width of the braking surface i s  assumed. 
The heat transfer model adopted to represent the 16 112 x 7 drum 
i s  i l lus t ra ted  in Figure 4 . 2 .  (The model adopted to  represent the 
15 x 6 drum i s  essentially identical,  except for  different dimen- 
sions. ) The mounting flange of the drums, which would extend down- 
ward to  the l e f t  in the figure,  has been ignored. Calculations 
showed that  very l i t t l e  heat actually flows into the mounting flange 
during a  single snub or stop. Ignoring the mounting flange has a 
miniscule effect  on the temperature calculated a t  the braking 
surface. 
The temperature calculation i s  exercised by supplying a  time 
history of the rate of heat being input to  the drum. Temperature 
calculations are made a t  time increments of 0.05 second for the 
two drum models. The rate  of heat input t o  the drum i s  defined as: 

where G denotes the fraction of the heat generated which enters 
the drum, and A denotes swept area. A value of 0 .95 was used for  
a .  This value i s  quite representative for brakes having organic 
1 i nings and cast  iron drums. 
In addition t o  the rate of heat input, the temperature calcu- 
lation a1 so requires a s tar t ing poi nt-the temperature of the drum 
a t  the s t a r t  of the brake application. The average of the three 
temperatures indicated by the sub-surface drum thermocouples a t  the 
in i t ia t ion  of the brake a ~ p l i c a t i o n  i s  used for this  value. By 
the time the brake has cooled t o  the point where another applica- 
tion can be made, the temperatures measured by the three thermo- 
coup1 es are approximately the same. For the temperature cal cul a- 
t ion, a l l  the nodes are in i t ia l ized  to this  average temperature. 
Values of the thermal conductivity and thermal diffusivi t y  
of the drum material are also required by the calculation. The 
value of thermal conductivity used was 30 BTU/hr-ftI0F, while the 
value of thermal diffusivi ty used was 0.43 f t2 /h r .  These values 
are similar to values used by other investigators [4,5,6], and they 
do provide a reasonable match between calculated and measured 
temperatures. Very precise knowledge of these parameters i s  not 
necessary because the temperature calculation i s  not highly 
sensitive t o  changes in these factors.  
The thermal model also allows convective heat transfer t o  
take place a t  the periphery of the drum. Heat transfer coeffi- 
cients were therefore estimated from cool in! curves from the tem- 
perature measured a t  the drum periphery. For the wedge brake t e s t s ,  
the heat transfer coefficient was estimated t o  be 17 ETU/hr/ft2/"F, 
and for the cam brake t e s t s ,  19 BTU/hr/ft2/"F. The cooling curves 
were obtained with the brake rotating a t  30 mvh.  Calculations show 
that  very 1 i t t l e  cooling takes place during a typical brake 
app l  i c a t i o n ,  and so a c c u r a t e  knowledge of t h e  h e a t  t r a n s f e r  c o e f -  
f i c i e n t  i s  unnecessary.  I n  f a c t ,  w h i l e  t h e r e  may be some c o o l i n g  
e f f e c t  a t  t h e  p e r i p h e r y  o f  t h e  brake d u r i n g  an a p p l i c a t i o n ,  t h e  
temperature  a t  t h e  b r a k i n g  s u r f a c e  i s  n o t  a f f e c t e d .  
4.6 Compu t e r  Program DYNA-DRUM I I 1  
A1 1  o f  t h e  compu ta t i  onal  e lements d i scussed  i n  Sec t i ons  
4.1 th rough  4.5 a r e  assembled i n  a  computer program c a l l e d  DYNA- 
DRUM 111. The program reads a l l  o f  t h e  parameters d e s c r i b i n g  t h e  
brake,  and then  pe r fo rms  c a l c u l a t i o n s  o f  drum temperature ,  s l i d i n g  
speed, a c t u a t i o n  f o r c e / t o r q u e ,  and e f f e c t i v e n e s s  f o r  a  s e t  o f  
b rake  a p p l i c a t i o n s .  The d i g i t i z e d  t i m e  h i s t o r i e s  produced b y  
program TRANSLATE a r e  used as i n p u t .  
The o u t p u t  e x i s t s  i n  two forms. One i s  a  p r i n t e d  r e c o r d  o f  
each b rake  a p p l i c a t i o n  f o r  22 p o i n t s  i n  t i m e  d u r i n g  each a p p l i c a -  
t i o n .  A sample o f  t h i s  o u t p u t  f o r  one a p p l i c a t i o n  i s  shown i n  
F i g u r e  4.3. The second o u t p u t  saves, on magnet ic  tape,  va lues  o f  
e f f e c t i v e n e s s ,  temperature ,  s l i d i n g  speed, and a c t u a t i o n  f o r c e  a t  
21 p o i n t s  f o r  each a p p l i c a t i o n  (a  v a l u e  o f  e f f e c t i v e n e s s  a t  
time=O i s  n o t  d e f i n e d ) .  The e f f e c t i v e n e s s  da ta  can then  l a t e r  be 
ana lyzed.  
Two v e r s i o n  o f  DYNA-DRUM I 1 1  e x i s t .  One i s  a p p l i c a b l e  t o  
wedge brakes and t h e  o t h e r  t o  cam. Two v e r s i o n s  a r e  r e q u i r e d  
because each t y p e  o f  b rake  uses a  d i f f e r e n t  a c t u a t i n g  mechanism. 
4.7 Comparison o f  Measured and C a l c u l a t e d  Temperatures 
I t  i s ,  o f  course,  i m p o r t a n t  t h a t  c a l c u l a t e d  temperatures  
c o r r e l a t e  w e l l  w i t h  those  t h a t  a r e  measured. Comparisons o f  c a l c u -  
l a t e d  and measured temperatures  f o r  two o f  t h e  t e s t  sequences a r e  
shown i n  F i g u r e s  4.4a and b. Because t h e  thermocouple j u n c t i o n s  
were l o c a t e d  about  0.040" below t h e  b r a k i n g  su r face ,  t h e  c a l c u l a t e d  
temperatures  i n  t h e  f i g u r e s  a r e  those  f o r  t h e  second node. The 
second node c o n t a i n s  t h e  thermocouple j u n c t i o n s .  
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Figure 4.4a. Comparison of calculated and measured temperatures - 
cam brake with MM8C5 linings - post-burnish 
effectiveness. 
Figure 4.4b. Comparison of calculated and measured temperatures - 
wedge brake with ABB 693-5510 linings - fade. 
I t  i s  dramatically evident from the f igures why measured 
temperature cannot be used in deriving the effectiveness function. 
The temperature r i s e s  vary considerably across the width of the 
l ining during a brake applicat ion.  Thus, attempting t o  measure 
an average temperature across the w i d t h  of the l ining would be 
qui t e  d i f f i c u l t ,  requiring many, many thermocouples or some other 
very sophist icated measuring scheme. A1 so,  the thermal model shows 
t ha t  the temperature measured by the sub-surface thermocouples lags 
the temperature a t  the braking surface. So, even i f  there was no 
variat ion in temperature across the w i d t h  of the l in ing,  the tem- 
perature measured by the sub-surface thermocouples would s t i  11 have 
the shortcoming of d i f fer ing from the temperature a t  the braking 
surface. The difference i s  substantial  during the ear ly  portion of 
a brake applicat ion.  
With the measured temperatures being a t  such variance with one 
another, i t  i s  d i f f i c u l t  to  assess how we1 1 the calculated tempera- 
ture  matches the average measured temperature over the width of the 
l ining.  One can only say t ha t  the calculated temperatures appear 
qui te  reasonable. Therefore, the va1 idi  t y  o f  the thermal model 
has been accepted. 
4.8 Curve-Fi t t i n g  the Effectiveness Data 
The f ina l  s tep in deriving the effectiveness function i s  curve- 
f i t t i n g  the effectiveness data produced by DYT!A-DRUM 111. In t h i s  
study, the data were f i t t e d  by a l e a s t  squares prccedure t o  a 
multinomial of the following form, v iz . :  
Note t ha t  i f  two of the independent variables are  held constant, 
the mu1 tinomial reduces t o  a polynomial i n  the th i rd  variable.  
Thus, the values of n i  , n and n k  can be guessed by plott ing the 
j ' 
effectiveness data against  one of the independent variables whi l e  
holding the other two fixed.  
The curve f i t  i s  performed using a s t a t i s t i c a l  analysis 
package called MIDAS (Michigan Interactive Data Analysis System) 
which resides on the Michigan Terminal System, the computer system 
a t  The University of Michigan. I ' l I D A S  possesses the capabi l i ty  t o  
perform a mu1 t i -va r iab le  1 inear least-squares curve f i t .  Because 
Equation (4 .6)  i s  nonlinear, i t  must be transformed i n t o  a multi- 
variable 1 inear equation. This i s  accomplished by expanding the 
mu1 tinomial and making each term of the summation a new independent 
variable.  For example, i f  the values of n i ,  n and n k  a re  3 ,  3, 
j ' 
and 3, respectively,  the multinomial will consist  of 27 terms. 
Thus, the equation can be expressed as a l inear  equation w i t h  26 
independent variables and one constant term. After the data has 
undergone t h i s  l inear  transformation, MIDAS can readily ca lcula te  
the coeff ic ients  which provide the least-squares curve f i t  t o  
Equation ( 4 . 6 ) .  In addit ion,  MIDAS computes the coeff ic ient  o f  
determination, r 2 ,  and the standard e r ro r ,  se. These two numerics 
a re  a lso  very helpful i n  determining the values of n i ,  n and n k .  
j , 
The values f o r  these numbers a re  picked so tha t  the data i s  ade- 
quately described with the simp1 e s t  equation. 
5.0 RESULTS 
5.1 Effectiveness Function 
Examples of the effectiveness functions which have been cal- 
culated from the dynamometer t e s t  data are shown graphically in 
Figures 5.1 and 5 . 2 .  (Detailed presentations of a l l  of the 
effectiveness functi ons which have been generated are contained in 
Appendix B. ) 
Some observations which can be made for the cam brake w i t h  
ABB 693-551D and MM8C5 linings in the post-burnish condition are: 
-effectiveness i s  most dependent on actuation torque, 
followed by sliding speed, and then temperature, 
*temperature has very l i t t l e  effect ,  and 
*the brake i s  more effective a t  high sliding speeds 
than low sliding speeds. 
For the wedge brake with A B B  693-551D and MM8C5 1 inings 
during the fade: 
*sliding speed has a great influence on effectiveness, 
as does temperature, 
-again, the brake i s  more effective a t  high sliding 
speeds than a t  low speeds, and 
the MM8C5 1 ining fades with i ncreasi n~ temperature u p  
to about 500°F, and then begins t o  get more effective.  
Ccefficients of determination and standard errors for  a l l  of 
the regressions performed are shown in Table 5.1. The curve f i t s  
describe the data very well as i s  demonstrated by the high values 
of r 2  and low standard errors .  The standard errors are about 3-5% 
of the average value of effectiveness for each of the regressions, 
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Table 5.1.  Values of the C o e f f i c i e n t  o f  Determination and 
Standard E r r o r s  f o r  the Regression Analyses.  
C o e f f i c i e n t  of Standard 
Brake Li ni ng Determi n a t i o n ,  r2 E r r o r ,  S, 
ABB 693- Pos t-Burni sh 0.980 1 .00 
551 D Eff .  
Fade 0.951 1 .20 
15x6 
Wedge 
MM8C5 Pos t -Burnish  0.984 
Eff .  
Fade 0.751 3.02 
Post-Burni sh 0.997 
Ef f .  
Fade 0.937 
A B B  693- Post-Burni sh 0.951 
551 D E f f .  
Fade 0.949 
MM8C5 Post-Burnish 0 , 9 1 2  
16 1/2x7 Ef f .  
S-cam Fade 0.915 
Post-Burni sh 0.980 
E f f .  
Fade 0.927 
which i s  extremely good. (The regression for the wedge brake 
f i t t e d  with MM8C5 linings for the fade data resulted i n  a poorer 
f i t  than the other regressions. I t  i s  suspected that one of the 
thermocouples was not working properly ~ u r i n g  th i s  t e s t ,  so that 
the temperatures calculated were in error.  ) 
Attempts to  regress the recovery data resulted in mixed resul ts .  
I n  some cases, the regression was acceptable, in others not. The 
reason for  the lack of success can be seen in Figure 5.3.  Here, 
effectiveness i s  plotted against stop number a t  fixed conditions of 
sliding speed and temperature (actuation force i s  constant for a l l  
of these s tops) .  As can be seen, effectiveness increa;es as the 
recovery progresses for about the f i r s t  seven recovery stops. Thus, 
there are some rapid changes occurring within the brake during this  
time which cannot be explained by temperature and sliding speed 
alone. This behavior i s  an outstanding example of the effect  of 
work history. 
I t  i s  very d i f f i cu l t  t o  t ry  t o  explain with any confidence 
the mechanism which causes the above phenomenon. However, some 
reasons can be conjectured. I t  i s  t h o u g h t  that during the burnish, 
two processes occur. The f i r s t  wears the 1 ining so that  i t  con- 
forms t o  the curvature of the drum. The sec~nd establishes a stable 
chemical composition of the lining surface. iiow, i f  during the 
fade, the temperatures occurri n a  a t  the braking surface ~ e t  very 
much higher than they d i d  during the burnish, the lining will be- 
come chemically active again and i t s  surface chemistry will change. 
The amount of this  change will depend on reaction rates and phase 
transformation rates which are i n  turn dependent on a time a t  
temperature relation. Any changes i n  the chemical composition of 
the linings will affect the frictional behavior of the linings. 
Thus, a fade t e s t  can produce a change in the frictional charac- 
t e r i s t i c s  of the brake. Although this  effect  i s  n o t  obvious during 
the fade, as evidenced by the very successful regression of the 
effectiveness data, i t  becomes obvious during the f i r s t  part of the 
recovery. 
Figure 5.3. Effectiveness vs. stop number during recovery 
constant temperature and rubbing speed - 15 x 6 
wedge - ABB 693-551 D. 
t e s t  
A second mechanism i s  mechanical and thermal d is tor t ion of 
the brake drum. Distortion wi 11 occur because of temperature 
gradients exis t ing in the drum. Changes in the pressure dis t r ibu-  
t ion across the width of the l ining wil l  therefore occur which can 
change the torque output of the brake. I t  i s  conceivable, then, 
tha t  as the drum i s  cooling a t  a f a i r l y  rapid ra te  during the ear ly  
part  of the recovery cycle, the pressure dis t r ibut ion across the 
1 i ni ng becomes more favorable and effectiveness i s  increased, 
These two mechanisms point out how sensi t ive  the effect ive-  
ness of a brake can be t o  the r a t e  a t  which temperatures build 
d u r i n g  a fade cycle and cool during a recovery cycle. If  vehicle 
t e s t  r esu l t s  from a fade and recovery cycle a re  t o  be compared w i t h  
dynamometer r e su l t s ,  then the work done by the brake and the time 
between stops must be qui te  closely matched between vehicle and 
dynamometer t e s t s  . 
5 . 2  Simulation of Time Histories of Torque 
In order t o  evaluate how we1 1 the derived equations can 
rep1 i ca te  the original  time h i s to r ies  generated by the dynamometer 
t e s t s  (from which the equations were der ived) ,  a computer program 
named DRUMSIN was developed. This program uses a time history of 
actuation force taken from a dynamometer t e s t  t o  calculate a time 
history of torque. By means of an i t e r a t i ve  process, values of 
in terface  temperature, rubbing speed, and effectiveness are  calcu- 
la ted .  O u t p u t  torque i s  then simply the product of the actuation 
force and the computed effectiveness.  
Examples of two simulated torque traces a re  shown in Figures 
5.4a and b. The agreement between simulated and measured torque i s  
excellent  in both cases. The agreement i s  especial ly notable in 
Figure 5.4a where the torque i s  f a r  from constant during the stop. 
ROCKWELL 15 X 6 WEDGE - MM8CS 
POST-BURN1 SH EFFECTIVENESS 
STOP 10 50 MPH 350 OEG F 
Figure 5 .4 .  Comparison o f  simulated and measured t i m e  hi s t o r i e s  
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Torque traces were simulated for  a number of other brake a p p l  ica- 
t i  ons and showed excel 1 ent agreement w i t h  measured values. 
6.0 EMPLOYING THE BRAKE MODEL IN VEHICLE SIYULATIONS 
This section i s  intended t o  provide an overview of how the 
brake model described in Sections 2 through 5 would be incorporated 
into a large, detailed vehicle simulation such as the one described 
in Reference [ I ] .  
Obviously, a description of the brakes on  each axle would be 
required. This description would consist of: (1) the effective- 
ness function for  the brakellining combination a t  each axle for the 
appropriate work history being simulated; ( 2 )  actuation parameters 
for each brake, that i s ,  a i r  chamber force characteristics and 
wedge angle or the length of the slack adjuster arm; and (3 )  
parameters describing the f i n i t e  element model of the brake drum 
used for  computing the interface temperature of each brake. 
During each time step of the simulation, a value of torque a t  
each axle would be calculated from the effectiveness function, viz.: 
where 
T i s  torque 
F i s  the actuation force (or  torque) 
and e i s  the effectiveness function ( e  = e(e ,  v ,  F)  
(Note that v i s  equal t o  wheel speed, o ,  multiplied by drum radius, 
- r . )  Evaluation of e a t  each axle would have to be made a t  each 
time step. This evaluation would involve a rei terat ive process in 
which values of e ,  U, and T a t  the s t a r t  of the time step ( i  . e n ,  
from the previous calculation) are used in c a l c u l a t i n ~  new values of 
e ,  e ,  and T a t  the end of the time step, which i s ,  of course, the 
s t a r t  of the next time step. 
The value of actuation force, or torque, i s  available a t  the 
beginning of any time step because treadle pressure i s  an input 
to the program or, in case an antilock system i s  used, brake chamber 
pressure i s  determined in another section of the computer program 
dealing with the antilock system. However, assumptions or calcu- 
lations concerning stroke in the a i r  chambers a t  each axle are 
required t o  determine actuation force. 
Typically, the wheel rotational equations of motion are solved 
in a  separate section of the computer program, thereby providing 
values of wheel speed, U, for use in ( 1 )  evaluating the effective- 
ness function, e ,  and ( 2 )  calculating the interface temperature, e .  
A major portion of the brake calculation would be concerned 
with determining interface temperature. Since the brake model used 
a  calculated interface temperature in i t s  development, i t  seems wise 
t o  use the same temperature calculation method in the overall vehicle 
simulation. Nevertheless, i t  i s  possible that simp1 ified or more 
computational ly eff ic ient  means of calculating temperature would 
be satisfactory as long as they produced results comparable to the 
f i n i t e  element model. Computer algorithms with simple, e f f ic ien t  
numerical integration methods for solving heat flow problems are 
available and were used in DRUMSIN, 
The following diagram i  1 lustrates the information flow 
proposed for the computation of brake torque, T, a t  the time t+a 
based on values of T y  U, and e evaluated a t  time t plus F evaluated 
a t  t t a .  (The quantity A represents the length of the time step in 
the digi ta l  simulation.) I t  i s  of interest  to observe that  the 
brake torque calculation uses wheel speed and actuation force as 
the only input variables. 
*0.95 i s  the fraction of total  heat flow that  
goes into the drum. 
1 
**Note that this  formulation uses the "old" value of wheel speed, 
d t ) ,  t o  evaluate the "new" value of the effectiveness function, 
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7.0  C O N C L U D I N G  REMARKS - PROPERTIES OF THE BRAKE MODEL 
AND RECOMMENDATIONS FOR RESEARCH 
In summarizing the findings of th i s  study, the following 
points can be made: 
* A n  empirical model has been developed which t rea ts  the 
mechanical f r ic t ion  brake in a generalized manner. A so-called 
"black box approach" has been used to identify an effectiveness 
function which relates brake torque t o  three independent variables, 
namely, instantaneous values of actuation force [or torque for  cam 
brakes), s l  idi ng velocity , and interface temperature, 
*The empirical model provides a valid method for providing a 
comprehensive representation of torque time histories obtained 
from dynamometer t e s t s  a t  various in i t i a l  velocities,  i n i t i a l  brake 
temperatures, and actuation pressure levels (see Section 5 , 2 ) ,  
* I t  should be emphasized that  past attempts to organize 
dynamometer data into tables suitable for  predicting braking per- 
formance in emergency stops of commercial vehicles has been con- 
founded by (1) the var iabi l i ty  of the b r a k ~  t e s t  data available, (2)  
di f f icu l t ies  in assessing interface temperature, and ( 3 )  problems re- 
lated t o  work history. The regression analysis method used in th is  
study provides a method for  f i t t i n g  the t e s t  data in a manner which 
furnishes measures of the unaccounted for  var iabi l i ty .  Sets of 
data which contain unexpectedly large amounts of unaccounted for  
var iabi l i ty  can be identified.  
*The important influence of work history (that i s ,  the pre- 
vious experience of the brake) i s  a major pr~blem which affects the 
interpretation and representation of data from brake t e s t s .  I n  
particular,  analysis of data obtained during recovery tes t s  indicates 
unexplained changes in brake torque which are not readily understood 
on the basis of instantaneous values of  sliding speed, interface 
temperature, and actuation force. 
With regard t o  future research, further work needs t o  be done 
on the effects of work history. For example, a post-burnish 
effectiveness t e s t  t o  characterize a brake for  stopping distance 
performance could be influenced by the order i n  which various level 
stops were performed. Special t e s t s  which randomize the order i n  
which stops are made are called for  t o  evaluate any work history 
effect  here. 
The effects of work history during a fade and recovery sequence 
could be examined by varying the time between brake anplications 
and/or iner t ia  loading-that i s ,  anything which would influence 
"time-at-temperature" conditions, 
And f ina l ly ,  brake torque variabi l i ty  for  one brake and 1 ining 
needs examining by performing several repeats of a post-burnish 
effectiveness t e s t ,  This could also point t o  certain work history 
effects  which might occur as a brake i s  repeatedly tested over the 
same t e s t  conditions . 
I n  conclusion, i t  appears reasonable t o  attempt to understand 
and evaluate experimentally the apparent idiosyncracies of 
pneumatical ly-actuated brakes using the ern?i,rical model developed 
in th is  study. 
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APPEPiDIX A 
INERTIAL DYNAMOMETER TEST P R O C E D U R E  
1 .  Test Set-Up 
1 . 1  Ambient temperature 
The ambient temperature shall be between 7 5 O F  a n d  100°F 
1.2 Cooling a i r  
Air a t  ambient temperature shall be directed continuously 
and uniformly over the brake a t  a sneed of 2200 fpm. 
1.3 Instrumentation 
Instrumentation shall be provided t o  autographical ly 
record the fol 1 owing data: 
a )  1 ine pressure 
b )  brake torque 
c )  dynamometer shaft  speed 
d )  1 ini ng temperature 
e )  temperature a t  braking surface of drum a t  three points 
f )  temperature of periphery of drum in l ine with the 
center of the braking surface 
1.4 Wheel 1 oad 
The wheel load i s  9,000 lb.  
1.5 Ti re radius 
The t i r e  radius i s  20.2 in.  
1 .6 Dynamometer speed 
The shaft  speed of the dynamometer i s  given by the 
relation rpm = 8.32 V 
where V denotes vehicle speed in mph. 
1 . 7  Dynamometer iner t ia  
The dynamometer iner t ia  i s  793 t 5% slug-ft2 
2 .  Test Notes 
2.1 In i t ia l  brake temperature (IBT) i s  defined as the 
lining temperature a t  the time of brake application. 
2 . 2  Specified decelerations are the average value computed 
from the time of onset of deceleration t o  the time of 
completion of the stop or snub. 
2.3 The specified l ine pressures shall be attained in n o t  
more than 0.30 sec. 
2.4 The brake temperature may be raised to  a specified level 
by making one or more stops from 40 mph a t  a decelera- 
tion of 10 fpsps. The brake temperature may be lowered 
to  a specified level by rotating the drum a t  30 mph.  
2.5 Tolerances on the t e s t  variables are as follows: 
a )  dynamometer speed - +2 mph 
b )  l ine pressure - t 2  psi 
c )  deceleration - + I  fpsps 
d )  i n i t i a l  brake temperature - +lO°F 
3. Test Procedure 
3.1 Instrumentation check stops 
Adjust brake. Make 10 stops from 30 mph a t  a l ine 
pressure of 30 psi. Correct any malfunctions which occur. 
3.2 Burnish 
Make 200 stops from 40 mph a t  a deceleration of 10 fpsps. 
In i t ia l  brake temperature shall n o t  be less than 315OF 
nor greater than 385OF. Make 200 additional stops w i t h  
an IBT of not less than 450°F nor greater than 550°F. 
Adjust brake. Record f i r s t  and l a s t  stops in each tempera- 
ture series as well as each twentieth stop in each ser ies .  
3.3 Post-burnish effectiveness 
Establish the l ine pressures required t o  generate a 
deceleration of 1 2  fpsps from both 30 mph and 50 mph 
w i t h  an IBT of 150°F, b u t  do  n o t  exceed 80 psi. Make 
f i v e  s tops f rom 30 mph a t  t h e  p rev ious ly -de te rm ined  
l i n e  pressure a t  I B T ' s  o f  150, 200, 250, 300, and 
350°F. Then, make f i v e  s tops f rom 50 mph u s i n g  t h e  
l i n e  pressure determined above a t  I B T ' s  o f  150, 200, 
250, 300, and 350°F. Record a1 1  s tops.  
3.4 Fade and recovery  
E s t a b l i s h  t h e  1  i n e  pressures r e q u i r e d  t o  y i e l d  dece lera-  
t i o n s  o f  10 fpsps d u r i n g  a  snub f rom 50 mph t o  15 mph, 
12 fpsps d u r i n g  a  s t o p  f rom 30 mph, and 14 fpsps d u r i n g  
a  s t o p  f rom 20 mph w i t h  an IBT o f  175"F, b u t  do n o t  
exceed 80 p s i .  
Make 10 snubs f rom 50 mph t o  15 mph a t  t h e  pressure 
determined above. The i n i t i a l  brake temperature f o r  
t h e  f i r s t  s t o p  i s  175°F. Make s tops a t  i n t e r v a l s  o f  
72 seconds measured between t h e  s t a r t s  o f  successive 
s tops.  
One minute  a f t e r  complet ion o f  t h e  t e n t h  s top,  make one 
s top  f rom 20 mph a t  t h e  pressure determined p r e v i o u s l y .  
Two minutes a f t e r  t h e  prev ious stop,  beg in  a  s e r i e s  of 
20 s tops  f rom 30 mph a t  t h e  p rev ious ly -de te rm ined  
pressure.  The i n t e r v a l  between s t a r t s  o f  success ive 
s tops i s  one minute.  
Record a11 s tops.  
APPENDIX B 
EFFECTIVENESS FUNCTIONS 
Th is  appendix conta ins d e t a i l e d  p resen ta t ions  o f  t he  e f f e c t i v e -  
ness f unc t i ons  obta ined f o r  each brake. The e f f ec t i veness  f unc t i ons  
f o r  the  pos t -  bu rn ish  e f f ec t i veness  a re  o f  t he  f o l  1  owing form: 
where 
e  = e f f ec t i veness  ( i n - 1  b / l  b  f o r  wedge brake; 
i n - l b / i n - l b  f o r  cam brake)  
e = i n t e r f a c e  temperature (OF) 
v = s l i d i n g  speed ( f p s )  
F  = a c t u a t i o n  f o r ce / t o rque  (1 bs f o r  wedge brake; 
i n - l b s  f o r  cam brake) 
For t he  fade, they a re  o f  t he  form: 
The format  o f  each p resen ta t i on  f o r  each b r a k e / l i n i n g  combina- 
t i o n  i s  as f o l l o w s :  
1 )  des igna t ion  o f  b r a k e a n d  l i n i n g  
2 )  pos t -burn ish  e f f ec t i veness  f u n c t i o n  
i )  values o f  ni, n  and nk 
j ' 
i i )  c o e f f i c i e n t s  ai jk 
i i i )  d e s c r i p t i o n  o f  t h e  bounds on the  e f f ec t i veness  
f u n c t i o n  
3)  fade e f f e c t i v e n e s s  f u n c t i o n  
i) va lues  o f  n i  and n  
j 
i i )  c o e f f i c i e n t s  ai 
i i i ) d e s c r i p t i o n  o f  bounds on e f f e c t i v e n e s s  f u n c t i o n  
4) g r a p h i c a l  p r e s e n t a t i o n  o f  e f f e c t i v e n e s s  f u n c t i o n s  
BRAKE: 15 x 6 Wedge 
LINING: ABB 693-551 D 
POST-BURNISH EFFECTIVENESS 
A c t u a t i o n  Force: 1900 l b s  - < F - < 2900 I b s  
S l  i d i n g  Speed: Lower v = 0 f p s  
Upper m i s s i n g  
I n t e r f a c e  Temperature: 
Lower e = 21.841 + 3 8 . 4 5 3 ~  - 4. 3639v2 + 0.076874~3 
+ 0.11292F - 0.013242vF + 1.7944 x 10'3v2F 
- 0.039306 x 1 0 - 3 ~ 3 F  
Upper e = 177.06 + 5 0 . 6 1 3 ~  - 6.  9024v2 + 0 .18223~3  
+ 0.12349F - 0.016661vF + 2.6490 x ~ o - ~ v ~ F  
- 0. O75605v3F 
FADE -
Bounds 
A c t u a t i o n  Force: F = 2040 I bs 
S l i d i n g  Speed: 8.4 f p s  < v < 27.2 f p s  - - 
I n t e r f a c e  Temperature: 
Lower e = 507.73 - 2 9 . 0 6 9 ~  + 2.4788v2 - 0.063904v3 
Upper e = 8 1 6 . 2 0 - 3 1 . 0 7 8 v + 2 . 3 9 9 4 v 2 - 0 . 0 5 7 5 1 7 v 3  
BRAKE: 15 x 5 Wedge 
LINING: MM8C5 
POST-BURNISH EFFECTIVENESS 
i = 3  n = 4  n k = 2  j 
Bounds 
A c t u a t i o n  Force:  2200 l b s  - < F - < 3100 I b s  
S l  i d i  ng Speed : Lower v = 0 f p s  
Upper v = -9.1292 + 0.011563F 
I n t e r f a c e  Temperature: 
Lower e = -77.632 + 5 2 . 4 1 0 ~  - 6.3180v2 + 0 . 1 4 0 2 6 ~ 3  
t0 .13541F - 0.017451vF + 2.3302 x 10 -3v2F  
- 0.056445 x 1 0 - 3 ~ 3 F  
Upper e = 86.796 + 4 8 . 9 1 2 ~  - 5.2599v2 + 0.064536v3 
+ 0.13481F - 0.015991vF + 2.0068 x 10m3v2F 
- 0.033511 x 1 0 - 3 ~ 3 F  
FADE -
n i = 3  3 = 3  
j 
Bounds 
A c t u a t i o n  Force:  F = 1940 Ibs 
S1 i d i n g  Speed: 8.2 f p s  - < v - < 27.1 f p s  
I n t e r f a c e  Temperature: 
Lower a = 554.27 - 4 2 . 6 7 2 ~  + 3. 2781v2 - 0.079383v3 
Upper e = 721.32 - 3 8 . 1 5 1 ~  + 3.0121v2 - 0 .072265~3 




A c t u a t i o n  Force:  2500 I bs < F < 4400 1 bs - - 
S l i d i n g  Speed: Lower v = 0 f p s  
Upper v = 2.7941 + 5.4741 x W 3 F  
I n t e r f a c e  Temperature: 
Lower e = 1 0 0 . 8 8 + 2 3 . 5 5 4 v - 1 . 7 4 0 7 v 2 - 0 . 0 1 7 3 1 2 v 3  
+ 0.054980F - 5.7896 x 10-3vF + 0.58408 x 1 0 ' 3 ~ 2 F  
- 3.3088 x 1 0 - 6 ~ 3 F  
Upper e = 296.94 + 1 6 . 7 4 5 ~  - 1.11 00v2 - 0 .027729~3 
+ 0.045276F - 3.8345 x 10-3vF + 0.40654 x 10-3v2F 
- 0.15175 x 1 0 - G V ~ F  
FADE -
Bounds 
A c t u a t i o n  Force: F = 3820 1 bs 
S l i d i n g  Speed: 8.3 f p s  - < v - < 27.4 f p s  
I n t e r f a c e  Temperature: 
Lower e = 608.43 - 51 .824v + 3. 8026v2 - 0.086479~3 
Upper e = 700.88 - 21.521 v + 1. 9087v2 - 0.049422~3 
BRAKE: 16 1/2 x 7 S-cam 
LINING: ABB 693-551D 
POST-BURN1 SH EFFECTIVENESS 
n i = 3  n = 4  n k = 2  
j 
Bounds 
A c t u a t i o n  Torque: 4600 i n - 1  bs - < F - < 5300 i n - 1  bs 
S l i d i n g  Speed: Lower v = 0 f p s  
Upper v = -18.580 t 8.9819 x I o - ~ F  
I n t e r f a c e  Temperature: 
Lower e = -528.88 t 9 4 . 8 0 8 ~  - 1 3 . 4 7 4 ~ 2  t 0 .43882~3  
+ 0.15770F - 0.017088vF t 2.5543 x 10-3v2F 
- 0.084440 x 10-3v3F 
Upper 6 = -222.81 + 7 8 . 9 6 4 ~  - 72. 136v2 t 0.39732v3 
+ 0.13193F - 0.014139vF t 2.3166 x 1 0 - 3 ~ 2 F  
- 0.077037 x 1 0 - 3 ~ 3 F  
FADE 
i = 4  n - 3  j 
Bounds 
Actuation Torque: F = 4360 in-lbs 
Sliding Speed: 9.3 fps - < v - < 30.0 fps 
Interface Temperature: 
Lower e = 516.09 - 3 4 . 2 8 4 ~  + 2. 3237v2 - 0.050372v3 
Upper e = 707.20 - 2 5 . 9 9 2 ~  + 1 .8986v2 - 0.042721 v 3  
BRAKE: 1 6 1 / 2 x 7 S - c a m  
LINING: MM8C5 
POST-BURN1 SH EFFECTIVENESS 
n i = 3  n = 4  n k = 2  
j 
Bounds 
A c t u a t i o n  Torque: 5500 i n - 1  bs - < F - < 5800 i n - 1  bs 
S l i d i n g  Speed: Lower v = 0 f p s  
Upper v = -15.188 + 8.0468 x 10'3F 
I n t e r f a c e  Temperature: 
Lower e = -1089.7 - 5 3 , 0 8 5 ~  + 8.9186v2 - 0.22660v3 
+ 0.24346F + 9.1749 x 10m3vF - 1.5275 x 1 0 - 3 ~ 2 F  
+ 0.038158 x 10-3v3F 
Upper e = - 2 0 6 . 7 6 - 1 7 6 . 1 7 v t 1 6 . 0 2 0 v 2 - 0 . 3 4 4 5 0 v 3  
+ 0.11751F + 0.030882vF - 2.7590 x 1 0 - 3 ~ 2 F  
+ 0.058348 x 10'3v3F 
FADE -
Bounds 
Actuation Torque: F = 4800 in-lbs 
Sliding Speed: 9 .3  fps - < v - < 30.3  fos 
Interface Temperature: 
Lower e = 451 - 0 7  - 2 2 . 4 9 7 ~  t 1 .6355v2 - 0. 037834v3 
Upper e = 739.17 - 2 8 . 0 2 1 ~  + 1 . 9633v2 - 0 .  042949v3 




A c t u a t i o n  Torque: 7100 i n - 1  bs - < F - < 9400 i n - 1  bs 
S l  i d i  ng Speed: Lower v = O f p s  
Upper v = - 3 . 1 8 1 5 + 3 . 4 7 4 1  x10 '3F  
I n t e r f a c e  Temperature: 
Lower e = -28.063 + 1 7 . 7 1 9 ~  - 2.3759v2 + 0 .041770~3  
+ 0.034759F - 1.6520 x 1 0 ' ~ v F  + 0.28882 x 10-3v2F 
- 6.2330 x 1 0 - 6 ~ 3 F  
Upper e = 188.68 + 2 3 . 2 8 7 ~  - 2. 9367v2 + 0 .063696~3 
+ 0.028895F - 2.2759 x 10-3vF + 00.4011 x 1 0 - 3 ~ 2 F  
- 8.2651 x 1 0 - 6 ~ 3 F  
FADE -
i = 4  n = 4  j 
Bounds 
Actuation Torque: 7610 i n - l b s  
Sl i d i  ng Speed: 9.2 f p s  - < v - < 30.2 fps  
Interface Temperature: 
Lower e = 456.99 - 2 5 . 2 0 8 ~  + 1 .8790v2 - 0.  043370v3 
Upper e = 635.01 - 1 4 . 0 0 4 ~  + 0.99238v2 - 0.023707v3 
ROCKWELL 16-1/2 X 7 S-CAM - RBB 693-5510 
$1 
POST-BURN I SH EFFECT I VENESS 
1 
I A 5FPS + 15 FPS 5.3 K IN-LBS (34.3 PSI1 X 25 FPS 
- 
200, 300. 400, 500, 600. 700. 
CRLCULRTED TEMPERATURE IDEG F1 
ROCKWELL 16-1/2 X 7 S-CAM - MM8C5 
4, 
N 
POST-BURN I SH EFFECT l VENESS 











I 8 I I 
200. 300. 400, 500. 600, 700. 
CRLCULRTED TEflPERFiTURE (DEG F) 
ROWELL 16-1/2 X 7 S-CRM - RBE 693-5510 
4 
N 
FADE (29.5 PSI) 
T o w n  
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I I e 
I I I 1 1 
200. 300, 400, 500, 800, 7W. 




FAOE (31 ,O PSI) 
fllom .. @ E m  
A 20FPs + 25 FPS 
x a o R S  
.b 







I I I I 1 I . * 
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200. 3NL 400, 500, 600. 
ROCKHELL 16-1/2 X 7 S-CAM - E8O 
4 .,
N 
POST-BURNISH EFFECT I VENESS 
. RS 7.1 U 1N-m (420 PSI1 0 15 FPS 
A 5 FPS 







200. 300. 400, 500, 600. 700. 
CALCULRTED TEMPERRTURE (BEG F) 
I . I I I I , I I 
d I * I . I I I I 
200. 300, 400, 500, 600, 
CALCULATED TEMPERATURE (DEG F) 
ROCKWELL 15 X 6 WEDGE - ABB 693-551D 
d- POST-BURNISH EFFECT IVENESS 
1900 LBS (28.3 PSI) 0 15 FPS 
I A 5 FPS 4- 15 FPS 2900 LBS t37.5 PSI) $ X 25 FPS 
fl 
$00. 300, 400. 500. 600, 700. 
CALCULATED TEUPERRTURE (DEG F1 
ROCKWELL 15 X 6 WEDGE - MMBC5 
POST-BURNISH EFFECT IVENESS 
FPs 2200 L83 129.5 PSI) 0 15 FPS 






I I 1 I I I 
300. 400, 500. 600. 700. 
CRLCULRTED TENPERFlTURE (DEG F) 
ROCKWELL 15 X 6 WEDGE - RBB 693-5510 
d~ FADE (26.8 PSI1 
[21 tO FPS I 
t 0 WFPS A20FP3 + 25 FPS 
300, 400, 500, 700, 
CALCULRTED TEMPERATURE (DEG F) 
ROCKHELL 15 X 6 WEDGE - MM8CS 
&P 




" A 20FPS 
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300, 400. 500, 600, 700. 
CALCULATED TEMPERRTURE (DEG F) 
ROCKWELL 15 X 6 WEDGE - E8U 
POST-BURNISH EFFECT IVENESS 
dl 
I A 5FF'S + 15 FPS 4400 LBS (5l.3 PSI1 $ X 25 FPS 
s 
























300, 400, 500, 600, 700, 
CRLCULFITED TEUPERRTURE (DEG F1 











CFlLCULATED TEMPERATURE (DEG F) 
FADE NU.3 PSI1 
a10m 
0 WFPS 
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